Regulation of osteoclast formation. A range of hormones and cytokines, targeting to stromal cells, enhance expression of M-CSF and RANK-L, the pivotal osteoclastogenic molecules, and the proinflammatory cytokines IL-1, IL-6, and TNF. These proteins stimulate both formation and activity of mature polykaryons. HSC, hematopoietic stem cell; OC, osteoclast.
Paget's disease, a common, multifocal skeletal disorder, provides a paradigm of bone remodeling gone awry. Both bone resorption and formation occur at an increased pace in pagetic bone, but the pathology arises in osteoclasts, cells that continuously migrate through and degrade the mineralized extracellular matrix of the bone. Reflecting its increased resorptive activity, the pagetic osteoclast is large and hypernucleated. Early clues regarding pathogenesis came with recognition that the nuclei and cytosol of pagetic osteoclasts contain inclusions reminiscent of structures seen in virus-infected cells. Subsequent studies demonstrated mRNA for measles, respiratory syncytial, or canine distemper virus -all members of the paramyxovirus family -in the osteoclasts of a majority of pagetic patients (1) . A recent report that erythroid cells from patients with Paget's disease express viral mRNA (2) , along with the delayed and unpredictable expression of the phenotype, suggests that some generally quiescent hematopoietic stem cell serves as the primary host for viral infection. However, the presence of viral mRNA in mesenchymal cells in bone (3) raises the possibility that nonhematopoietic cells also play a role in the disease.
Reddy et al. have documented 2 major alterations in the milieu in pagetic bone that are likely to have mechanistic implications. First, unlike their normal counterparts, pagetic osteoclasts and their precursors secrete high levels of IL-6. Second, bone marrow aspirates from patients are hypersensitive to the effects of 1,25 dihydroxyvitamin D 3 (1,25(OH) 2 D 3 ) and differentiate to form osteoclast-like cells when treated with doses of this compound 10-fold lower than needed to induce this transition in healthy cells (4) . The presence of viral mRNA in osteoclasts first suggested that 1 or more viral proteins prime cells to undergo these phenotypic changes, and the report by Kurihara et al. in this issue of the JCI (5) confirms that expression of measles virus nucleocapsid protein (MVNP) in normal, marrow-derived CD34 + cells promotes increased bone resorption, enhances secretion of IL-6 by osteoclasts, and increases their sensitivity to 1,25(OH) 2 D 3 . Introduction of the measles virus membrane (MVM) protein causes different responses, suggesting that the latter protein plays a distinct role in inducing deranged bone turnover. In addition, the authors document that osteoclast precursors transduced with either MVNP-or MVM-enhanced activation of the NFκB transcription factor complex, a central aspect of osteoclast biology.
As discussed below, and of considerable interest, these findings suggest that the causative agents of Paget's disease circumvent the currently accepted pathway for osteoclast formation and activation (summarized in Figure 1 ). The key elements in this pathway are the receptor for activation of NFκB (RANK), which is found on osteoclasts and their precursors; the RANK ligand (RANK-L; also referred to in the literature as TRANCE, OPGL, and ODF), produced in both soluble and membrane-bound forms by osteoblasts and stromal cells in bone marrow; osteoprotegerin (OPG), a soluble product of osteoblasts and stromal cells, which acts as a decoy receptor for RANK-L; and macrophage colony-stimulating factor (M-CSF), a product of stromal cells or monocytes, which binds to the receptor c-fms on osteoclasts to promote their differentiation, survival, and proliferation (6) . As predicted by this model, purified murine or human monocytes and macrophages treated with M-CSF and RANK-L give rise to numerous functional osteoclasts (7) , and this process can be blocked in a dose-dependent manner by OPG (8) . In addition, injection of RANK-L into mice results in a rapid (< 1 day) increase in serum calcium, indicating that the cytokine activates mature osteoclasts, which accelerate the resorption of bone (9) . The proinflammatory cytokines IL-1, TNFα, and IL-6, the products of stromal cells and monocytes, not only regulate osteoclastogenesis by stromal cells, but also act directly on osteoclasts and their precursors to promote cell fusion and altered function and survival (6, 10, 11) . Finally, the phenotypes of mice carrying targeted deletion of the RANK-L, OPG, and RANK genes support the current model. Mice lacking either RANK-L or RANK are deficient in osteoclasts and, hence, are severely osteopetrotic. The absence of OPG, conversely, results in profound, accelerated osteoporosis (reviewed in ref. 8) .
Signaling by RANK and its ligand. Given that RANK-L is the critical cytokine stimulating differentiation and fusion of precursors into mature osteoclasts, the nature of the intracellular signals that follow RANK activation is of considerable interest. The known proximal and distal signaling events arising from ligation of RANK ( Figure 2 ) are similar to those of other members of the TNF receptor superfamily. Two critical distal events in RANK signaling are activation of the NFκB complex and the transcription factor AP-1, a dimer of the cfos and c-jun proteins. Again, gene-targeting studies confirm the significance of each of these gene products for osteoclast biology. Mice lacking both p50 and p52, members of the NFκB family, exhibit profound osteopetrosis (12) . Similarly, animals lacking c-fos generate no multinucleated, boneresorbing cells (13) , and precursor cells that over-express a mutated form of cjun that cannot be activated by the kinase JNK are also blocked in this differentiation pathway (14) .
Understanding the proximal signals initiated by RANK activation has proved more complex. Overexpression of RANK leads to binding of 5 members of the TRAF family (1-3, 5, 6), proteins that link the receptor to numerous downstream signals (15) Physiological regulation of bone resorption. Work published over the last year reveals that many humoral or local factors that modulate osteoclast function do so, wholly or in part, by altering expression of M-CSF, OPG, or RANK-L. These findings, summarized in Table 1 , must be considered in the light of a model in which the biological efficacy of RANK-L relative to OPG determines the net outcome. Factors that increase RANK-L expression or suppress OPG increase osteoclastogenesis, whereas the converse changes diminish it. When both regulatory proteins are altered in the same direction the relative magnitude of the changes determines whether osteoclast number and activity rise or fall. Thus, prostaglandins and parathyroid hormone (PTH), which increase RANK-L while decreasing OPG, promote bone resorption. Similarly, TGF-β, which diminishes RANK-L and enhances OPG expression, decreases osteoclast activity. Estrogen, by dampening M-CSF and stimulating OPG, blunts 2 distinct pathways necessary for osteoclast formation and survival. In the cases of IL-6, IL-11, and BMP-2, each of which modulates only OPG or RANK-L, there is concordance between the direction of the changes and the known biological activity of each molecule, namely enhanced resorption.
This analysis is more complex in the case of the IL-1, TNFα, and 1,25(OH) 2 D 3 , all potent stimulators of bone resorption. Whereas these 3 molecules each increase production of both RANK-L and OPG, the dominant outcome in all 3 cases is a net increase in RANK-L activity. Complicating matters further, IL-1, IL-6, and TNFα control their own expression and that of RANK-L, OPG, and/or M-CSF; but, as mentioned, they may also act directly on osteoclast precursors and the mature bone-resorbing cell. In vivo, the rate of osteoclastogenesis responds to the net sum of all signals activating and inhibitory signals, and the entire process is subject to ongoing and rapid modulation.
RANK-L-independent induction of pagetic osteoclasts?
The emergence of the pagetic phenotype -numerous, large osteoclasts with markedly enhanced bone resorption -in virally infected cells expressing may be explained largely by invoking higher local levels of IL-6 and greater target cell sensitivity to 1,25(OH) 2 D 3 , phenomena described previously by the authors of the current report. Based on the model in Figure 1 , raising IL-6 production is expected to promote RANK-L expression and, hence, increase osteoclast number and activity. Alternatively, since MNVP-transduced cells express higher levels of RANK, and cells containing MVM can be induced to do so upon exposure to 1,25(OH) 2 D 3 , it is possible that higher RANK levels on osteoclast precursors also contribute to the pagetic phenotype. Pagetic cells are unusually large, often containing more than 100 nuclei. The reason for this feature is less clear, but it may result from the action of IL-1, which is induced by a paracrine effect of IL-6 on stromal cells or monocytes and which stimulates fusion of osteoclast precursors (6).
All relevant in vitro studies performed by the San Antonio group (4, 5) used CD34 + myeloid cells exclusively, which are presumed to make no RANK-L. Because RANK-L is normally a regulator sine qua non of osteoclast formation and function, this cytokine would thus appear to be peripheral to the pagetic phenotype of paramyxovirus-infected cells. If so, one must deduce that the virus, acting intracellularly in osteoclast precursors, can trigger signaling by unligated RANK. It should be noted, however, that a subset of marrowderived human CD34 + cells also stain for the stromal-specific marker STRO (20) , so the culture may contain stromal cells that secrete RANK-L. This possibility could be addressed by studying stroma-free cultures that express MVNP or by blocking RANK-L. If stromal elements prove not to be required for the pagetic response of cultured virus-infected osteoclasts, these studies will confirm the existence of RANK-L-independent signaling in precursors. This possibility is suggested by the current finding that, whereas treatment of control cells with RANK-L causes only a modest increase in the amount of NFκB binding to a consensus response element, this complex is maximally activated in both untreated MVNP-expressing cells and in MVM-expressing cells treated with RANK-L. Taken together, these observations indicate that one, and perhaps more, viral proteins augment RANK signaling, with MVNP doing so in a ligand-independent manner. Furthermore, because 1,25(OH) 2 D 3 enhances RANK expression in MVMtransduced cells, higher levels of surface-expressed RANK may interact with stroma-derived RANK-L to enhance osteoclast formation and activity.
A very recent report linking osteoclast dysfunction with alterations in RANK signaling (21) provides important insights into a potentially novel mechanism that may be involved in Paget's disease. Patients with familial expansile osteolysis, a rare inherited condition that, like Paget's disease, is manifested with increased bone resorption, bear an in-frame insertion within the first exon of the RANK gene. This mutation interferes with cleavage of RANK's signal peptide, and when the mutated gene was expressed in human embryonic renal cells, surface expression of the mutant protein reached only 25% of wild-type levels. Presumably, the uncleaved precursor accumulates intracellularly in a functional form. Supporting this hypothesis, a cotransfected NFκB reporter gene is active in these cells, even in the absence of RANK-L (21). Cell-culture studies also show that RANK overexpression can result in ligand-independent signal transduction (22) .
Taken together with the enhanced expression of RANK on pagetic osteoclasts and their precursors, these findings raise the possibility that measles, and, by implication, other paramyxoviruses, can stimulate bone resorption by several mechanisms. First, there may be increased production of stromal-derived osteoclastogenic cytokines (stimulated by IL-6 secreted by infected osteoclasts and their precursors). Second, it is possible that both RANK-L-independent and -dependent myeloid signaling are stimulated, with the latter influenced by raised levels of intracellularand/or surface-residing RANK, secondary to viral infection and increased sensitivity to 1,25(OH) 2 D 3 .
A separate question, not addressed in the current report, relates to the fact that CD34 + cells infected with either MVNP or MVM do not require M-CSF for osteoclast formation. Once again, it can be hypothesized that stromal contamination provides the cytokine. Alternatively, the finding that the macrophage-like line RAW 264.7 gives rise to osteoclasts in the absence of exogenous M-CSF (23) suggests the possibility of autonomous activation of c-fms signaling. Whereas an activating mutation in the c-fms gene has been described (24) , the structure of this gene in RAW cells in unknown.
In conclusion, the present report is important because it provides convincing evidence that paramyxoviral proteins can induce Paget's disease and provides hints as to the mechanism that drives the disease. Dissection of the molecular details will be challenging, but should enrich both virology and bone biology.
